An approach to area-selective atomic layer deposition techniques based on the use of a lithographically definable polymeric masking layer has been reported. Successful direct patterned deposition of TiO 2 is demonstrated using a poly͑methyl methacrylate͒ masking layer that has been patterned using deep-UV lithography. A number of factors which must be considered in designing patternable polymeric masking materials and processes have been determined and are briefly discussed, including reactivity of the polymer with the atomic layer deposited ͑ALD͒ precursor species, diffusion of ALD precursors through the polymer mask, and remnant precursor content in the masking film during ALD cycling. Atomic layer deposition ͑ALD͒ is gaining significant attention as an alternative technique for depositing high-quality, ultrathin films.
Atomic layer deposition ͑ALD͒ is gaining significant attention as an alternative technique for depositing high-quality, ultrathin films. 1, 2 This method is particularly useful for producing extremely thin, high-quality, conformal films with thicknesses in the 3-10 nm range where other deposition techniques such as chemical vapor deposition ͑CVD͒ have significant limitations. During ALD, film growth depends critically on the chemistry of the surface upon which deposition occurs. Thus, it should be possible to chemically tailor a surface to achieve area-selective deposition. Selective ALD requires that designated areas of the surface be masked or "protected" to prevent the ALD reaction from occurring in those selected areas, thus ensuring that the ALD film nucleates and grows only on the desired unprotected regions. One obvious advantage of such an additive, area-selective deposition process is the ability to perform direct patterned growth, thereby eliminating the need for etching and the associated subsequent cleaning steps. Elimination of these steps can greatly simplify the overall deposition and patterning process, reduce unintended damage to substrates and devices which result from the use of energetic plasma etch processes, and aid in the integration and patterning of new materials which are difficult to etch.
The critical challenge in achieving area-selective ALD is devising materials and methods for modifying selected regions of a substrate surface to prevent ALD reactions from occurring, thus preventing film growth. One way to modify a surface is to chemically bond a molecule directly to the surface. Such an approach blocks reactive sites that are present and thereby prevents reactions between precursor molecules and the surface. Alkyl silanes, which contain long hydrocarbon chains terminated with a reactive silane end group, are a well-known surface-modifying agent. In the case of alkyl silanes, the hydrocarbon chains are relatively unreactive and thus provide a good protective or passivating coating for the surface. For example, octadecyltrichlorosilane ͑OTS͒ forms a densely packed, self-assembled monolayer ͑SAM͒ and has been widely investigated as a surface-modifying agent to block nucleation and growth of a variety of inorganic films such as HfO 2 , ZnO, TiO 2 , ZrO 2 .
3-5 Previous studies 3, 4 have demonstrated direct patterned deposition of ZnO and TiO 2 on patterned SAM surfaces. However, the reaction selectivity, i.e., effectively the analog of resist contrast, for area-selective ALD between the SAM-modified and unmodified regions during ALD film growth was not adequately addressed in these studies. Recent studies 5 have reported that in the case of silicon surfaces, it is necessary to expose the silicon surface to the silane solution for more than 48 h in order to achieve a pinhole-free SAM layer that effectively blocks all reactive nucleation sites on the surface.
We have also investigated the use of OTS and other SAMs as surface-modifying agents for the area-selective ALD of titania onto silicon surfaces. In these studies, titania was deposited using alternating cycles of water and titanium tetrachloride vapors. During the first 50 cycles of titania deposition, nucleation of TiO 2 on the SAM surface was undetectable as measured using X-ray photoelectron spectroscopy ͑XPS͒. However, further increases in the number of deposition cycles resulted in detection of TiO 2 ͑ϳ1.0-1.5 atom % after 100 cycles and 3-4 atom % after 150 cycles͒ on the SAM surface. These results suggest that the reactive titanium precursor eventually finds an unprotected reactive silanol site on the silicon surface and reacts to initiate the ALD reaction sequence in that area. Previous studies [6] [7] [8] which have investigated the mechanism of SAM formation have also reported the extreme difficulty and challenge associated with obtaining a "defect-free" monolayer. This difficulty with defectivity and undesired nucleation, coupled with the facts that SAM deposition is time-consuming and the high-resolution patterning of SAMs is not a well-established practice, pose serious limitations on the successful use of SAMs as masking layers for area-selective ALD.
Unlike SAMs, polymers can be quickly and easily spin coated to obtain defect-free thin films. This fact is exploited extensively in almost all modern microlithographic processes. Furthermore, a significant amount of research has been invested in developing a variety of different polymeric materials and processes for the highresolution patterning of polymer films. Materials and processes exist for lithographically patterning a range of polymers including materials based on epoxies, novolac, poly͑hydroxystrene͒, poly͑nor-bornene͒, polyacrylates, polyimides, and polycarbonates. Thus, if a polymer or class of polymers is identified that can prevent the nucleation and growth of a material on its surface during ALD and which can be patterned lithographically, such a "photoresist-like" process may offer a better alternative as a masking scheme for area-selective ALD as compared to SAM-based approaches. After the ALD is completed, the goal would be that the polymer masking layer is removed in the same way that resist films are stripped, thus obtaining the direct patterned structure of the desired ALD film. In fact, some related work has shown that polymeric masks ͑PMMA and AZ 5214 photoresist͒ can be used to achieve selective CVD of Cu lines onto a tungsten-coated Si substrate using 1,5-cyclooctadiene-Cu͑I͒ hexafluoroacetylacetonate as a single precursor. 9, 10 Deposition of metal oxide films by ALD often uses water as an oxygen source and may involve highly reactive halides as metal precursors. Thus, identifying a polymer system which can successfully serve as a masking layer for area-selective deposition of metal oxides involves a number of challenges. A variety of issues such as the reactivity of the polymer with precursors, uptake of water and metal precursor by the polymer film, the presence of remnant precursor in the polymer masking film after the purge cycle, and the diffusion of ALD precursors through the polymer masking film can all affect the selective ALD process. Initial discussion and investi-gation of the necessary criteria along with parametric data for the identification of effective masking materials for selective ALD can be found in a previous publication. 11 In this paper we report the successful use of a conventional photoresist poly͑methyl methacrylate͒ or PMMA to obtain the direct patterned deposition of TiO 2 films using TiCl 4 and water as ALD precursors. Furthermore, we offer additional details concerning the effect of the various phenomena mentioned above on the prospects for a polymer masking-based, area-selective ALD process.
Experimental
The ALD system consists of a six-way 2.75-in. conflat cross which serves as the reaction chamber. Samples are placed onto an aluminum plate which is heated using 1-in. CSH series cartridge heaters and the temperature is read with a K-type thermocouple. Ultrahigh-purity nitrogen is supplied through a rotameter and mixes with precursors before entering the reaction chamber. Nitrogen serves as both the carrier gas and purge gas for this ALD system. The chamber is evacuated with an Alcatel 2021SD rotary vane pump; chamber pressure is controlled by simultaneously varying the conductance of the pump via a throttle valve and the flow rate of nitrogen. Maximum conductance is used in order to achieve the maximum flow rate of nitrogen purge through the system. ALD is performed at a total pressure of 1 Torr with a total N 2 flow rate of 78 sccm. Pressure inside the chamber is monitored using a thermocouple-based vacuum pressure gauge connected to one port of the six-way cross. Precursors are introduced into the chamber in an alternating manner by using computer-controlled solenoid valves. A metering valve is also attached immediately upstream of each solenoid valve in order to control the total flow rate of each precursor. A liquid nitrogen trap placed between the chamber and vacuum pump prevents unreacted precursors and products from entering the pump.
Blanket film depositions were initially conducted in order to investigate system behavior and determine the operating conditions required to perform ALD using titanium tetrachloride and water as precursors for the deposition of TiO 2 . Titanium tetrachloride ͑99.9%͒ was purchased from Sigma-Aldrich and used as received for the titanium precursor source while deionized ͑DI͒ water was used as the oxygen precursor source. Both precursors were maintained at room temperature where the vapor pressures of TiCl 4 and H 2 O are 13 and 23 Torr, respectively. All depositions were conducted at a substrate temperature of 160°C and 1 Torr chamber pressure. Clean, p-type silicon ͗100͘ wafers were used as substrates. Wafers were thoroughly rinsed with acetone, methanol, isopropanol, and DI water to remove surface organics and then immersed in 2 M HNO 3 for 2 h to increase the surface hydroxyl concentration before ALD. 12 After removal from the HNO 3 solution, the wafers were rinsed again with DI water and dried under nitrogen before being loaded into the ALD chamber. The chamber was evacuated to base pressure of 40 mTorr and the deposition process was started after a further wait of 2 h. The ALD deposition cycle used consisted of ͑i͒ TiCl 4 pulse, ͑ii͒ N 2 purge, ͑iii͒ H 2 O pulse, and ͑iv͒ N 2 purge. PMMA films were spin coated onto Si wafers from a 1-5 wt % PMMA ͑Scientific polymer products, Mw = 54,000͒ polymer solution in toluene. The samples were soft-baked at 120°C for 5 min on a hot plate and then vacuum annealed at 100°C for 2 h to ensure removal of residual casting solvent.
Film thickness measurements.-Film thicknesses were measured using both spectroscopic ellipsometry and X-ray reflectivity. Spectroscopic ellipsometry measurements were performed with an M-2000 ellipsometer ͑J.A. Woollam Co., Inc.͒. Ellipsometry data were collected over a wavelength range from 400 to 1000 nm at angles of 65, 70, and 75°͑with respect to normal to the substrate plane͒. Data were analyzed and fit to determine film thickness and refractive index using the WVASE-32 software package ͑J.A. Woollam Co.͒ by employing a Cauchy model for the films and using a standard silicon substrate library data file. X-ray reflectivity measurements were performed using an X'pertPRO X-ray diffraction ͑XRD͒ system ͑PANalytical, Inc.͒. For X-ray reflectivity experiments, copper radiation with wavelength of 1.54 Å was used with the X-ray source generator tension and current set at 45 kV and 40 mA, respectively. Samples were scanned at low incident angles from 0 to 3.0°with a step size of 0.005°and a time per step of 0.1 s. Data were analyzed using the X'pert reflectivity software which calculates the film thickness from the relative distance in angular position of the fringes in the reflectivity scans. Thicknesses measured using both techniques generally agreed to within ±0.2 nm.
X-ray photoelectron spectroscopy (XPS)
.-Chemical analysis of the films and surfaces was performed using XPS. XPS spectra were collected using a Physical Electronics ͑PHI͒ model 1600 XPS system equipped with a monochromator. The system used an Al K␣ source ͑h = 1486.8 eV͒ operating at 350-W beam power. Ejected photoelectrons were detected by a hemispherical analyzer that provided both high sensitivity and resolution. The operating pressure in the sampling chamber was below 5 ϫ 10 −9 Torr. Samples were aligned in the beam by maximizing photoelectron counts corresponding to the primary C 1s peak in C-C bonds located at a binding energy of 284.8 eV. A neutralizer beam was used during XPS measurements to compensate for peak shifting which occurs due to charging of samples during X-ray exposure. All high-resolution spectra were collected using a pass energy of 46.95 eV. The step size and time per step were chosen to be 0.025 eV and 100 ms, respectively. Atomic concentrations of different elements were calculated based on the photoelectron intensities of each element and the elemental sensitivity factors provided by the tool manufacturer. Samples were scanned at different locations and the peak intensity and composition at different locations compared to assure uniformity of film composition over the sample surface. XPS spectra showed that the deposited films are generally free of contaminants to the level of detectability ͑ϳ0.1 atom %͒. Titanium concentrations on the surface are of particular importance in this work; thus, the titanium signals were analyzed using the Ti 2p3 peak at 458.8 eV, which is characteristic of titanium in TiO 2 .
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Results
Determination and verification of ALD process conditions.- Figure 1 shows the growth rate of TiO 2 films as a function of varying exposure time for one of the precursors while maintaining a constant exposure time for the other precursor. The data suggest self-saturated reaction and growth of TiO 2 films at precursor expo- sure times for TiCl 4 and water of at least 2.5 and 2.0 s, respectively, at 160°C. Under these conditions, the growth rate of TiO 2 saturates at ϳ0.07 nm per cycle, consistent with results reported previously. 14, 15 Exposure times for TiCl 4 and water vapor were thus fixed at 2.5 and 2.0 s, respectively, and TiO 2 growth was performed at various numbers of cycles to verify the expected linear dependence of material growth with number of cycles for a true ALD process. Figure 2 demonstrates that the TiO 2 film thickness is a linear function of the number of ALD cycles performed. Thus, selfsaturated growth and a linear relationship with the number of growth cycles indicate that the above operating conditions provide deposition of TiO 2 in an ALD mode.
ALD growth studies on PMMA films.-Initial experiments were conducted to test the suitability of PMMA films as a masking layer for the selective deposition of TiO 2 using TiCl 4 and water as precursors. Unlike SAM surfaces, polymer films can physically absorb reasonably large quantities of water. Absorption during the water pulse and remnant water contained within the film could allow nucleation of TiO 2 by reaction with TiCl 4 during the subsequent TiCl 4 pulse. Thus, it is necessary to adequately purge the system to ensure removal of remnant water from the film. Initial experiments were conducted with a 1-min purge time after the water pulse in order to directly compare the selectivity achieved with PMMA films relative to OTS-SAM surfaces. It was encouraging to note that PMMA films showed low nucleation after 100 deposition cycles. Figure 3 shows the comparison of Ti atom % on the PMMA surface at two different purge times after the water pulse. An increase in the purge time from 1 to 2 min after the water pulse reduced the Ti content on the PMMA films from 1.1 to 0.7 atom %. In addition, the Ti concentration after a 2-min water purge is very similar to the Ti atom % measured on PMMA films exposed to 150 pulses of TiCl 4 only ͓i.e., -2 s͑TiCl 4 ͒-25 s ͑purge͒-͔. Therefore, it was concluded that while using PMMA as a mask for the selective ALD process, a purge time of 1-2 min is sufficient to minimize the effect of remnant water in the PMMA film without requiring undesirably long purge and cycle times. Although there is a relative increase of almost 50% in Ti atomic surface concentration, a reduction in the purge time after the water pulse from 2 to 1 min still results in sufficient removal of remnant moisture to avoid significant spurious nucleation of TiO 2 on the polymer surface. Therefore, due to the practical consideration of maintaining as short a cycle time as possible, a purge time of 1 min was used for further experiments.
In addition to reacting directly with either the polymer or remnant precursor absorbed into the polymer masking layer, it is possible that the ALD precursors can diffuse through the polymer masking layer and react directly with the substrate surface. Unlike previous efforts in which SAMs were used to passivate reactive surface functional groups by chemical reaction with the SAM, polymer films do not directly react with the substrate surface. Instead, the polymer simply physically coats the surface and serves as a diffusion barrier that physically blocks the reactive substrate surface groups from the ALD precursors. While this permits the polymer films to be easily coated and easily removed from the surface after deposition, it also means that reactive surface functional groups still exist at the bottom of the protective polymer masking layer. Therefore, in the case of the titania deposition described in this work, if the TiCl 4 precursor has sufficient time to diffuse through the polymer film and reach the silicon substrate, it will react with surface hydroxyl species and nucleate growth of titania below the polymer film. Subsequently, if water also has sufficient time to diffuse through the polymer film during its pulse, titania growth will occur at the substrate surface beneath the polymer coating. Two factors are extremely important in preventing this behavior. First, the distance over which a penetrant molecule can diffuse in the polymer film during a specific time period depends on its diffusion coefficient in the polymer. Therefore, combinations of polymers and precursors which have low diffusivities for the precursor in the polymer are advantageous in reducing the impact of this particular concern. Second, the amount of time that the precursor is exposed to the substrate during each deposition cycle is also important because it controls the time scale for diffusion of the precursor to the substrate surface. Therefore, it is best to utilize precursor exposure cycle times that are as short as possible while maintaining well-controlled ALD growth. For a particular precursor-polymer combination and a specific ALD cycle time sequence, this translates into the masking layer thickness becoming the controlling parameter that determines if the polymer film can prevent the undesired growth of ALD material on the substrate beneath the polymer.
In order to investigate this issue, a series of depositions were conducted on PMMA samples of different thicknesses and possible titania growth under the polymer film was assessed. After 100 ALD cycles ͓2 s͑TiCl 4 ͒-25 s͑N 2 ͒-1 s͑H 2 O͒-60 s͑N 2 ͔͒, the polymer film was removed using acetone and the underlying substrate surfaces analyzed by XPS. First, it was observed in the case of thicker PMMA films ͑180 and 420 nm͒ that the films were removed easily by dipping the samples in acetone and then thoroughly rinsing them with acetone, methanol, and DI water. However, in case of thinner films ͑32, 56, and 103 nm͒ it was necessary to assist the removal process by physically wiping the film off the substrate in the presence of the solvent. It has been previously reported that PMMA can strongly interact with silica surfaces and that this interaction can lead to physical property changes in ultrathin PMMA films. 16, 17 However, the difficulty in removal of the polymer film is not simply the result of thin-film effects on the dissolution behavior of the PMMA film. Solvent removal of PMMA films at all thicknesses was possible using acetone when the samples were treated prior to any exposure to TiCl 4 . Instead, it is believed that two phenomena are responsible for this observed difficulty in removing the thinner PMMA films: ͑i͒ titania deposition at the substrate-polymer interface and ͑ii͒ deposition of titania in the polymer near the free surface. It is believed that a lift-off mechanism is responsible for polymer removal by solvent in cases where the PMMA was exposed to a large number of ALD cycles. The polymer near the free surface also has titania incorporated into it which forms a PMMA-titania layer whose dissolution by solvent is difficult. In cases where there is a region of relatively pure PMMA under this PMMA-titania layer ͑i.e., the 180-and 420-nm-thick PMMA films͒, solvent dissolution of the pure PMMA layer can result in undercutting and lift-off of the polymer film. In cases where the PMMA film is sufficiently thin ͑i.e., the 32, 56, and 103-nm-thick PMMA films͒, it is believed that no such pure PMMA layer exists, and therefore dissolution and liftoff the polymer are inhibited. Figure 4 presents data showing that titania is clearly deposited on the silica surface in the case of the thinner PMMA films. It is even possible that the PMMA chains near the silicon surface can be covalently attached to the surface if the same TiCl 4 molecule reacts with both the PMMA and the silicon surface. These observations would be consistent with the idea that no pure PMMA polymer region exists in the thinner films, which can aid in dissolution and removal of the polymer, and thus the thinner films are difficult to remove without mechanical assistance.
XPS scans were performed on the cleaned samples after polymer removal to measure the total Ti content on the surface. As mentioned previously, Fig. 4 presents the Ti 2p peak on the surface of samples after polymer removal for different initial thicknesses of the PMMA layer. As evident from the figure, noticeable amounts of Ti deposition are observed in the case of the thinner polymer samples while no Ti deposition is detectable on the 420-nm-thick samples. In addition, the amount of Ti detected on the surface scales with polymer film thickness. This is consistent with the fact that the precursor diffuses through the polymer and reacts at the interface, because higher concentrations of precursor reach the substrate surface in the case of thinner polymer films. These results demonstrate that selection of a minimum film thickness for the polymer masking layer is required for a specific polymer-precursor-cycle time process combination.
Deposition of patterned films.-Once the process requirements for successful selective ALD of TiO 2 from TiCl 4 and water vapor were established using PMMA as a masking layer, direct patterned deposition of titania films was performed. PMMA films of 232 nm thickness were prepared using the procedure described earlier. The films were patterned by exposing them to approximately 55 J/cm 2 of deep-UV ͑248-nm͒ light followed by development in 1:1 isopropyl alcohol/methyl isobutyl ketone ͑IPA: MIBK͒ solution for 60 s. Samples were thoroughly rinsed with IPA and DI water after removing them from the developer solution and then dried under N 2 . The samples were further dried in a vacuum oven at 100°C for 1 h to remove residual moisture or solvent. TiO 2 films were grown on the patterned substrates by depositing for 150 cycles ͓2 s͑TiCl 4 ͒ -25 s͑N 2 ͒-1 s͑H 2 O͒-60 s͑N 2 ͔͒ at 160°C. Following deposition, to insure complete removal of the polymer mask, the polymer was removed by first dipping the sample in warm acetone for 20 min and then sonicating in acetone for an additional 30 min. Figure 5 shows optical micrographs of various square pattern sizes obtained using this masked area-selective ALD technique. Figure 6 shows the Ti 2p XPS peak region for both the open and masked regions of the silicon substrate after TiO 2 deposition and removal of the polymer mask. The XPS data clearly show that the patterned PMMA mask was successful in achieving area-selective ALD.
Conclusions
A novel technique for direct patterned deposition of TiO 2 via area-selective ALD using PMMA as a polymer masking material has been reported. Results suggest that intrinsic reactivity of the polymer resin with the ALD precursors, presence of remnant precursors in the polymer film after each precursor pulse, and diffusion of precursor through the masking layer are critical parameters in establishing a successful polymer masked area-selective ALD process. PMMA shows low reactivity toward TiCl 4 , which makes it a suitable masking material for titania growth using TiCl 4 . PMMA also shows low water uptake and the effect of remnant water within the film can be minimized using reasonable purge times. Diffusion of precursor through the polymer film and reaction at the polymersubstrate interface can be avoided by using a sufficiently thick masking layer. These results indicate the basic feasibility of a polymer masked area-selective ALD process.
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